Introduction
Within hematopoiesis, C/EBP␣, C/EBP␤, and C/EBP␦ are mainly expressed in granulocytic, monocytic, and eosinophilic cells. [1] [2] [3] [4] C/EBP␣ plays a key role in regulating early granulopoiesis. C/EBP␣ is the predominant C/EBP isoform in immature myeloid cells, 1, 3, 5 and granulocytic differentiation is arrested at the myeloblast stage in C/EBP␣-null mice. 6 These mice retain mature monocytes, perhaps due to the high-level expression of C/EBP␤ in this lineage. 1, 7 Arrested granulopoiesis in mice lacking C/EBP␣ results, at least in part, from reduced expression of the granulocyte colony-stimulating factor receptor (GCSFR), consistent with activation of the GCSFR gene by C/EBP␣. 6, 8 Similarly, 32D cl3 myeloblast cell lines over-expressing a dominant-negative C/EBP fail to respond to G-CSF. 9 C/EBP␤-null mice have normal granulocytes and dysfunctional monocytes. 10, 11 Hematopoietic defects were not described in C/EBP␦-null mice. 12 C/EBP⑀ is expressed in Tlymphoid cells and in late-stage granulocytes, 13, 14 and C/EBP⑀-null mice have dysfunctional neutrophils. 15 These findings further highlight the key role of C/EBP␣ in early granulopoiesis.
Over-expression of C/EBP␣ in the U937 or HL-60 leukemic lines induces their granulocytic differentiation, 3 and when 32D cl3 cells expressing a C/EBP␣:estrogen receptor ligandbinding domain fusion protein (C/EBP␣WT-ER) are exposed to estradiol, they undergo neutrophilic differentiation. 16 C/EBP␣WT-ER induces 32D cl3 differentiation in the presence of IL-3, even though this cytokine prevents G-CSF-induced 32D cl3 cell maturation. As mature neutrophils are prominent in these cultures after only 3 days, it is difficult to assess whether GCSFR signals augment the ability of C/EBP␣WT-ER to direct their differentiation.
Herein we demonstrate, using the Ba/F3 pro-B lymphoid cell line, 17 that exogenous C/EBP␣ and GCSFR signals cooperate to induce granulocyte-specific RNAs, including those encoding myeloperoxidase (MPO) and neutrophil elastase (NE). Co-expression of several GCSFR mutants with C/EBP␣WT-ER uncovered an additional inhibitory effect on MPO expression, emanating from tyrosine 704 in the GCSFR cytoplasmic domain. The Ba/F3 model allows investigation of the role of GCSFR signals independent of their effects on C/EBP␣ levels, whereas G-CSF induces endogenous C/EBP␣ in 32D cl3 cells. 1 Our findings suggest that specific GCSFR signals, or redundant signals from other cytokine receptors, cooperate with C/EBP␣ to induce granulopoiesis.
Materials and methods

Cell culture
Ba/F3 cells were maintained in RPMI 1640 medium with 10% heat-inactivated fetal bovine serum (HI-FBS) and 1 ng/ml IL-3 (R&D Systems, Minneapolis, MN, USA). For transfer to G-CSF, cells were washed twice with phosphate-buffered saline (PBS) and resuspended in RPMI 1640 with 10% HI-FBS and 2000 U/ml (20 ng/ml) G-CSF (Amgen, Thousand Oaks, CA, USA). Estradiol in ethanol was used at 1 M. Viable cell numbers were determined by enumerating cells which excluded Trypan blue dye using a hemocytometer. Cell morphology was assessed by Wright-Giemsa staining of cell cytospins. CRE cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated calf serum.
Retroviral constructs and transduction
A Ba/F3 subclone co-expressing C/EBP␣WT-ER and the murine GCSFR was described. 16 LNCX retroviral vectors encoding wild-type or mutant human GCSFR and G418-resistance were described. 18, 19 The pBabePuro and pBabeNeo retroviral vectors have been described. 20 pBabePuro-ER was constructed by deleting a 1.1 kb NcoI fragment containing the C/EBP␣ coding sequences from pBabePuro-C/EBP␣WT-ER. Retroviral constructs were packaged by calcium phosphate transfection of the CRE cell line followed by selection in G418 (1 mg/ml total) or puromycin (2 g/ml). To transduce Ba/F3 cells, subconfluent plates of virus-producing CRE cells were irradiated to 3000 cGy and then co-cultured with Ba/F3 cells in RPMI 1640/HI-FBS/IL-3 medium with 8 g/ml polybrene for 2 days. Pooled transfectants were then selected in 1.2 mg/ml G418, 2 g/ml puromycin, or both.
RNA and protein analysis
Preparation of total cellular RNA or protein, Northern blotting and stripping, and Western blotting were performed as described. 1, 16, 21 RNA per lane was constant for each blot (15-20 g). In each figure, the same blot was probed serially. The murine MPO, NE, lactoferrin, and PU.1 cDNA probes have been described, 16, 21, 22 as has the 18S oligonucleotide. 16 The ER␣ (HC-20) antiserum was obtained commercially (Santa Cruz, Thousand Oaks, CA, USA), and the C/EBP␣ antiserum was described. 1 Both were employed at 1:1000 dilution. For FACS analysis of human GCSFR expression, 2 × 10 6 cells were first washed with PBS and incubated in 100 l on ice with 2% heat-inactivated mouse serum in IFA (4% FBS, 0.15 M NaCl, 10 mM Hepes, pH 7.4, 0.1% sodium azide), in the absence or presence of 10 g/ml mouse anti-human GCSFR monoclonal antibody LMM741 (PharMingen, San Diego, CA, USA). Cells were then washed with IFA, incubated with 10 g/ml biotin polyclonal goat anti-mouse Ig, washed, incubated with 10 g/ml streptavidin-PE, fixed with 1% paraformaldehyde in 10 mM Hepes, pH 7.4, and analyzed. This antibody does not detect murine GCSFR. To detect the murine GCSFR, human G-CSF was biotinylated using a kit, as per the manufacturer's instructions (Pierce, Rockford, IL, USA). 1 × 10 6 cells were washed and incubated in 100 l on ice with 5 g/ml biotin-G-CSF in the presence or absence of a 1000-fold excess unlabelled G-CSF. The cells were then washed three times, incubated with streptavidin-PE, washed, fixed and analyzed by FACS.
Results
C/EBP␣ and the murine GCSFR cooperatively activate myeloid genes in a lymphoid line
We previously described Ba/F3(G) cells, which express the murine GCSFR and proliferate indefinitely in IL-3 or G-CSF, and Ba/F3(G)-␣WT-ER cells, a subclone which also expresses C/EBP␣WT-ER. 16 These two cell lines were exposed to estradiol in the presence of IL-3, and total cellular RNAs isolated at various times from these cultures were subjected to Northern blotting for MPO and 18S RNAs (Figure 1a ). Low level MPO RNA was detected on day 4 in the Ba/F3(G)-␣WT-ER line. Lactoferrin (LF) RNA, a marker of late-stage granulopoiesis, was not detected in these samples (not shown). The same lines were transferred from IL-3 to G-CSF in the absence or presence of estradiol. RNAs prepared from these cultures were assayed by Northern blotting for PU.1, MPO, LF, and 18S RNA expression (Figure 1b) . Activation of C/EBP␣WT-ER rapidly induced PU.1 mRNA, as previously observed in IL-3. 16 GCSFR signals alone did not induce PU.1, MPO, or LF RNA levels. Strikingly, the combination of GCSFR signals and C/EBP␣ activity induced high-level MPO and LF expression. MPO RNA levels peaked earlier than LF RNA, as occurs during normal granulopoiesis and during 32D cl3 cell differentiation in response to G-CSF. 21 LF expression could not be assesed after day 3, as activation of C/EBP␣WT-ER in Ba/F3 or 32D cl3 cells leads to a G1/S cell cycle arrest after 2 days and to marked apoptosis by day 4. 16 Morphologically, Ba/F3(G)-␣WT-ER cells exposed to G-CSF and estradiol underwent apoptosis without obtaining a neutrophilic morphology (not shown).
In a separate experiment, Ba/F3(G)-␣WT-ER cells were cultured for 24 h in IL-3, G-CSF, or neither in the presence of estradiol or its ethanol vehicle. RNAs prepared from these cultures were subjected to Northern blotting for MPO, NE, or ␤-actin ( Figure 2 ). Again, MPO was mildly induced by estradiol, and this induction was greatly enhanced by G-CSF. Similar synergy between GCSFR signals and C/EBP␣WT-ER was seen for NE induction. When G-CSF is added, IL-3 is simultaneously removed. We therefore evaluated the effect of removing IL-3 without addition of G-CSF on induction of MPO and NE by C/EBP␣WT-ER. Removal of IL-3 enabled MPO induction to levels seen with G-CSF, but no NE RNA was detected.
Cooperation between C/EBP␣ and the human GCSFR
Ba/F3 cells were transduced sequentially with retroviral vectors expressing the wild-type human GCSFR (G/WT) and The weak ␤-actin signal likely resulted from stripping the blot between probes. By day 3, C/EBP␣WT-ER induced significant cell death in the cultures as a consequence of a G1/S arrest, 16 as is evident from the partially degraded actin signals. To assess cooperation between GCSFR signals and C/EBP␣ in Ba/F3(G/WT)-␣WTER cells, they were cultured for 24 h under several conditions, and MPO, NE, PU.1, and ␤-actin RNA levels were assessed (Figure 3d, lanes 1-5) . No MPO or NE signal was detected in IL-3 alone. Addition of estradiol allowed low-level expression of MPO, and perhaps NE. MPO and NE RNAs were also undetectable when the cells were cultured in G-CSF alone, but addition of estradiol to G-CSF resulted in a two-to three-fold increase in MPO RNA, compared to the combination of IL-3 and estradiol, and there was a large increase in NE RNA. Addition of IL-3 to the combination of G-CSF and estradiol attenuated MPO RNA induction, but did not affect NE induction. Of note, IL-3 prevents G-CSF-induced 32D cl3 cell granulopoiesis. 23 Thus, as observed with the murine GCSFR, human GCSFR signals cooperate with C/EBP␣WT-ER to induce myeloid genes in a lymphoid cell line.
PU.1 RNA induction by estradiol was similar in IL-3, GLeukemia CSF, or both, indicating that differences in MPO and NE RNA expression observed in these different cytokine environments did not result from alterations in the level of this key myeloid transcriptional regulator.
Controls for transgene expression, drug selection, and the ER segment
A potential explanation for apparent cooperation between C/EBP␣WT-ER and the GCSFR is that they affect each other's expression. Estradiol does not alter exogenous GCSFR levels in Ba/F3(G/WT)-␣WTER cells (Figure 3b , upper left and middle panels). Addition of estradiol to Ba/F3 cells expressing C/EBP␣WT-ER alone, without exogenous GCSFR, did not induce the endogenous murine GCSFR (Figure 3b , lower left and middle) or murine GCSFR RNA (Figure 4a ). The negative control in the lower, middle panel of Figure 3b underlies the specific signal, and the thicker line is abberantly shifted to the left of the negative control in the lower left panel. The murine GCSFR could be detected in parental 32D cl3 cells ( Figure  3b , lower right panel and Figure 4 ). Endogenous C/EBP␣ was not induced when Ba/F3 cells expressing the wild-type human GCSFR alone were exposed to G-CSF, although C/EBP␣ was detected as a doublet in 32D cl3 cells exposed to G-CSF (Figure 4b, left panel) , and G-CSF did not alter C/EBP␣WT-ER levels in Ba/F3(G/WT)-␣WTER cells (Figure 4b , right panel). Ba/F3-C/EBP␣WT-ER cells were transduced with the empty pBabeNeo retroviral vector and a pool resistant to puromycin and G418 was isolated. Exposure of these cells to estradiol or estradiol and G-CSF resulted in detection of an equivalent, low level of MPO RNA (not shown). Ba/F3-(G/WT) cells were transduced with pBabePuro-ER, expressing the ER segment alone, and a subclone expressing this polypeptide was identified by Western blotting. Exposure of these cells to estradiol, G-CSF, or both did not lead to detectable MPO RNA expression (not shown). Thus, neither drug selection nor interactions of the ER segment with cellular proteins account for the observed synergy between GCSFR signals and C/EBP␣WT-ER.
Signals from GCSFR cytoplasmic tyrosines affect MPO and NE expression
To assess the contributions of GCSFR cytoplasmic tyrosines to cooperative activation of myeloid genes by the GCSFR and C/EBP␣, we co-expressed C/EBP␣WT-ER with the GCSFR mutants shown in Figure 5a . In mutant M0 (G/M0), all four cytoplasmic tyrosines have been mutated to phenylalanine. A pool of Ba/F3 cells expressing both C/EBP␣WT-ER and G/M0 were obtained by sequential transduction. C/EBP␣WT-ER expression is similar in Ba/F3-(G/M0)-␣WTER and Ba/F3-(G/WT)-␣WTER cells (Figure 3a) . G/WT and G/M0 RNA levels were similar, but G/M0 was detected at a three-fold higher level by FACS (Figures 3b and 5b) . Exposure of Ba/F3-(G/M0)-␣WTER cells to estradiol and G-CSF for 0, 1, 2, or 3 days resulted in rapid induction of MPO RNA, to levels well above that seen in Ba/F3-(G/WT)-␣WTER cells. On the other hand, LF induction was similar between these two cell lines, relative to ␤-actin (Figure 3c ). Cooperativity between G/M0 and C/EBP␣WT-ER was then assessed by exposure of Ba/F3-(G/M0)-␣WTER cells to several conditions for 24 h, followed by isolation of RNAs and Northern blotting for MPO, NE, PU.1, and ␤-actin (Figure 3d) . No MPO RNA and little or no 
GCSFR tyrosine 704 represses MPO expression and stimulates cell proliferation
GCSFR mutant DA was isolated from a patient with congenital neutropenia 18 and retains only one cytoplasmic tyrosine, Y704. In mutant DAF, Y704 is mutated to phenylalanine. Ba/F3 cell pools expressing C/EBP␣WT-ER and these mutant receptors were obtained and shown to express similar levels of C/EBP␣WT-ER (Figure 3a) , GCSFR RNA (Figure 5b , top panel), and surface GCSFR (not shown). These cell populations, as well as additional cultures of Ba/F3-(G/WT)-␣WTER and Ba/F3-(G/M0)-␣WTER cells, were exposed to estradiol and G-CSF, in the absence of IL-3, for 24 h. RNAs were then isolated and subjected to Northern blotting for MPO, NE, and ␤-actin (Figure 5b) . Again, mutation of all four cytoplasmic tyrosines led to a marked increase in MPO RNA and a decrease in NE RNA. Mutation of Y704 in DA, to create DAF, GCSFR signals do not affect endogenous or exogenous C/EBP␣ levels in Ba/F3 cells. Ba/F3-(G/WT) or 32D cl3 cells were exposed to G-CSF for the indicated times. (a) Total cellular RNAs were prepared from Ba/F3-␣WTER cells exposed to estradiol for 0, 1, 2, or 3 days and from 32D cl3 cells cultured in IL-3. These RNAs were subjected to Northern blotting for the murine GCSFR and ␤-actin. (b) Total cellular proteins were isolated and subjected to Western blotting for C/EBP␣ (left panel). Ba/F3-(G/WT)-␣WTER cells were exposed to G-CSF for 24 h and the effect on C/EBP␣WT-ER expression was assessed by Western blotting (right panel).
had a similar effect on MPO expression, without affecting NE expression, implicating signals emanating from this tyrosine as critical for suppressing maximal MPO expression. Also, Ba/F3-(G/DA)-␣WTER cells had reduced NE expression.
As receptor signals which help regulate differentiation may also affect proliferation, we assessed the rate of accumulation of Ba/F3 cells expressing C/EBP␣WT-ER and either G/WT, G/M0, G/DA, or G/DAF in G-CSF, in the absence of IL-3 or estradiol (Figure 5c ). Cells expressing G/WT or G/DA have a generation time of 14 h and the other two lines have a generation time of 21 h. The slower growing lines have in common expression of a GCSFR with mutant Y704. Perhaps proteins activated by phosphorylation of this tyrosine, such as STAT3 or STAT5, both regulate cell proliferation and impact on MPO gene expression, directly or indirectly. Of note, cooperative induction of MPO RNA by C/EBP␣WT-ER and GCSFR signals occurred in both the faster and slower growing lines. In addition, lack of induction of NE in cells expressing G/DA is not due to a change in cell proliferation rate.
Discussion
Expression of exogenous GCSFR enables L-GM or FDC-P1 myeloid cells or a GCSFR-deficient subclone of 32D cl3 myeloid cells to undergo granulopoiesis in response to GLeukemia CSF. 18, 24, 25 In 32D cl3 cells, G-CSF induces transcription of the C/EBP␣ gene (1 and L Scott and ADF, unpublished), and C/EBP␣ in turn rapidly elevates their PU.1 RNA and protein levels. 16, 26, 27 We now provide evidence that GCSFR signals contribute to the activation of myeloid genes in a pro-B lymphoid cell line independent of C/EBP␣ or PU.1 induction, as the cell lines we have utilized express a constant, highlevel of C/EBP␣, and consequently an elevated level of PU.1. Perhaps GCSFR signals alone do not induce myeloid genes in Ba/F3 cells because the endogenous C/EBP␣ gene is in an inactive conformation, insensitive to GCSFR activation. In the future, it will be of interest to assess whether GCSFR signals are sufficient for induction of granulopoiesis in normal immature B cells.
Although transgenic expression of bcl-2 compensates for lack of M-CSF receptor or IL-7 receptor signalling, bcl-2 did not allow 32D cl3 cells to express MPO or cathepsin G. [28] [29] [30] Therefore, the GCSFR provides more than survival signals to enable early granulopoiesis. On the other hand, these signals are likely not unique to the GCSFR. Mice lacking the GCSFR, G-CSF, or both G-CSF and GM-CSF have only a two-fold reduction in marrow granulocytes. [31] [32] [33] Other receptors apparently provide requisite signals in these mice. However, signalling required for differentiation clearly differs between receptors. 32D cl3 cells differentiate in response to G-CSF, but not IL-3;
23 pre-B cells expressing exogenous M-CSF receptor proliferate in IL-7 but differentiate to macrophages in M-CSF; 34 TPO, but not IL-3, enables megakaryocytic maturation; 35 and the IL-5 receptor, but not the IL-3 or GM-CSF receptors, enables a differential gene splicing event in the IL-5 receptor ␣ gene critical for eosinophil development. 36 If GCSFR signals are necessary for granulopoiesis, then how does C/EBP␣WT-ER induce the differentiation of 32D cl3 cells in IL-3? Perhaps 32D cl3 cells represent a more mature progenitor than Ba/F3 cells. Ba/F3 cells express B-lymphoid markers, 17 when transduced with the erythropoietin receptor and exposed to erythropoietin they express ␤-globin, 37 and when transduced with the GCSFR and C/EBP␣WT-ER and exposed to G-CSF and estradiol they express MPO, NE and LF. GCSFR signals, or related signals, may endow less mature stem cells or Ba/F3 cells with a factor necessary for granulopoiesis, and more mature progenitors or 32D cl3 cells may already express this factor ( Figure 6 ).
In 32D cl3 cells, both tyrosine-dependent and tyrosineindepent signals emanating from the cytoplasmic domain of the GCSFR are required for inducing their morphologic differentiation. 38 Human GCSFR variants in which either Y704 or Y744 are intact but the other tyrosines are mutant, can mediate differentiation. Both of these tyrosines potently mediate activation STAT3. 39 In the future, use of dominantnegative proteins and small molecule inhibitors of specific signalling pathways in our Ba/F3 model will further define the GCSFR signals which contribute to induction of myeloid genes independent of C/EBP␣ induction.
Unexpectedly, the consequences of GCSFR tyrosine mutations on cooperative induction of MPO and NE differed. Whereas the effects of specific mutations on NE induction paralleled those expected from assessment of their effects on the morphologic differentiation of 32D cl3 cells, 38 MPO RNA expression was strongly activated by C/EBP␣WT-ER and mutants M0 or DAF. For investigations of human GCSFR mutants we employed populations consisting of thousands of transductants, so that clonal variation in the levels of relevant regulatory proteins, such as STAT3 or PU.1, would not affect the results. Although average G/M0 levels were three-fold Effect of signals from GCSFR mutants DA and DAF on MPO and NE RNA induction by C/EBP␣WT-ER. (a) Diagram of wild-type human GCSFR and mutant variants. (b) Ba/F3 cells expressing C/EBP␣WT-ER and G/WT, G/M0, G/DA, or G/DAF were exposed to estradiol and G-CSF for 24 h. Total RNAs were then isolated and subjected to Northern blotting for human G-CSFR, MPO, NE, and ␤-actin. (c) Ba/F3 pools expressing the indicated human GCSFR variants and C/EBP␣WT-ER were seeded at 1 × 10 4 cells/ml in G-CSF alone, and the fold-increase in viable cell numbers was enumerated after 72 h.
Figure 6
Model of myelopoiesis in which GCSFR signals, or related signals from other receptors, endow immature stem cells with an activity, designated 'M', which enables their further maturation along the myeloid lineages in response to increased C/EBP␣ levels. Additional receptor signals, perhaps different from those required earlier, are also necessary for myeloid maturation. Not shown is the amplification of GCSFR gene expression mediated by C/EBP␣ or the potential amplification of C/EBP␣ expression by GCSFR signals.
more than G/WT, G/DAF and G/DA levels were similar, and all four were expressed at very high levels, making it less likely that differences in receptor levels account for the marked elevation in MPO RNA seen when Y704 is deleted. STAT3 or another protein activated by phosphorylation of Y704 may potently repress MPO, but not NE, transcription. Alternatively, the decreased cell proliferation rate observed in G-CSF in cell expressing G/M0 or G/DAF may indirectly affect MPO, but not NE transcription. Perhaps related to these observations, IL-3 suppressed G-CSF-induced MPO, but not NE RNA expression in cells expressing activated C/EBP␣WT-ER and G/WT or G/M0, and removal of IL-3 alone enabled induction of MPO but not NE by C/EBP␣WT-ER. However, results obtained after removal of IL-3 must be interpreted with caution, as they could reflect activation of pathways leading to apoptosis.
It will be of interest to determine whether C/EBP␣ phosphorylation is altered by GCSFR signals, compared with IL-3 signals. The observation that PU.1 induction by C/EBP␣ was similar in IL-3, G-CSF, both cytokines, or neither, combined with evidence suggesting that the PU.1 gene is directly activated by C/EBP␣, 16 leads to the preliminary conclusion that C/EBP␣ is equally active as a transcriptional activator in IL-3 or G-CSF. In 32D cl3 cells, the NE promoter is consistently more active in G-CSF than in IL-3, and this activation is dependent upon the integrity of both its C/EBP-and PU.1-binding sites. 22 In FDC-P1 cells expressing exogenous GCSFR, an NF-Y binding site was found to participate in G-CSF-induced activation of the MPO promoter. 40 As cooperation between several transcription factors is likely required for activation of these early myeloid genes, additional investigations are required to determine which factors are either induced or activated by GCSFR signals.
In summary, evidence obtained using both the murine and human GCSFRs indicates that GCSFR signals contribute to granulocytic maturation independent of their induction of C/EBP␣ or PU.1. These signals stimulate NE induction, both stimulate and repress MPO RNA expression, and do not affect PU.1 induction by C/EBP␣.
